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Broader context

Biphasic valorization of byproducts from biodiesel
synthesis using floating photochemo-enzymatic
domino catalysis

Andrea Rogolino and Erwin Reisner (2 *

Sustainable chemical synthesis requires a cradle-to-cradle design strategy to upcycle waste streams with
optimal atom and step economy. Here, we demonstrate the full valorization of vegetable oil using a
scalable two-step process. First, transesterification of triglycerides (vegetable oil) with methanol in
aqueous NaOH generates biodiesel, together with glycerol and unreacted unsaturated fatty acids as
byproducts. Following separation of biodiesel, glycerol and fatty acids were valorized using a biphasic
domino reaction at the liquid-liquid interface with a floating photochemo-enzymatic platform.
Specifically, a floatable polymeric carbon nitride/polypropylene (CN,/PP) composite photo-catalyzes first
the reduction of O, to H,O, using aqueous glycerol as the electron donor to produce glyceraldehyde
and dihydroxyacetone. An immobilized lipase on a floating acrylic resin support subsequently utilizes the
in situ generated aqueous H,O, for the conversion of unsaturated fatty acids into epoxides in ethyl
acetate. This novel photochemo-enzymatic domino reaction enables the full valorization of waste
cooking oil at 1 kg scale, producing biodiesel (550 g), epoxidized fatty acids (438 g) and glyceraldehyde
(663 g) in a 100 mL scale reactor under blue LED (4 = 450 nm, 40 + 4 mW cm™2) and simulated solar
light (AM1.5G) at 40 °C generated by solar heating. A comparative life cycle assessment indicates that
our integrated solar-driven process with optimized catalyst recyclability over 100 cycles has an expected
39% lower global warming potential compared to a decentralized process for conventional biodiesel,
epoxy fatty acids and glyceraldehyde synthesis.

Biodiesel synthesis from the transesterification of triglycerides from fatty waste such as vegetable cooking oil is the predominant industrial process for the
generation of combustibles from plant-derived sewage, reaching 73 billion tons production in 2024. Despite the surging interest in the synthesis of renewable
fuels, the valorization of the massive amounts of by-products of this process, namely glycerol and unreacted unsaturated fatty acids, has received little

attention. Here, we provide a sustainable solution to this challenge and introduce a scalable and practical one-pot process for the full valorization of all
biodiesel byproducts using recently emerged liquid|solid|liquid (L|S|L) photocatalysis. A visible light-absorbing polymeric carbon nitride (CN,)/plastic
composite and a lipase immobilized on acrylic resin float at the interface between hydrophilic glycerol and hydrophobic fatty acids. Simultaneous valorization
of the byproducts proceeds through photocatalytic glycerol oxidation to glyceraldehyde coupled to oxygen reduction to hydrogen peroxide, which is in turn used
in situ for the enzymatic conversion of fatty acids into epoxides relevant to the industry of polymers and plasticizers. Our study demonstrates full valorization of
all biodiesel byproducts in flow liquid-liquid catalysis approaching kg scale with projected mitigated global warming potential compared to existing processes

by a comparative life cycle assessment.

Introduction

utilization.” Although efforts have almost exclusively focused
on the evolution of H,,”> or CO, reduction,”” the concept

The use of floatable photocatalysts on open water has recently
emerged as an attractive approach in solar fuel production as it
overcomes constraints from land usage, and it provides a
means to easier catalyst recovery and enhanced photon
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holds particular potential for more diversified organic chemical
synthesis. In particular, photocatalysts floating between two
immiscible liquid phases open new possibilities for chemical
conversion at the aqueous-organic interface.®

The macroscopic compartmentalization of chemical reac-
tions between two liquid bulk phases takes inspiration from
nanoscopic systems, often based on bio-mimetic micellar or
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liposomal assemblies,”** or Pickering emulsions.””™"” Exam-
ples of reactions accelerated in oil-water emulsions

include CO, reduction,'® glycerol etherification,'* enzymatic
esterification,’” and epoxidation.’® While the macroscopic
separation between liquid phases offers advantages in terms
of catalyst sequestration, substrate supply and product isola-
tion, this configuration can suffer from a low surface/volume
ratio and thus potential mass transfer limitations toward the
catalytic center compared to the nanostructured biphasic
assemblies. To offset this limitation, compartmentalized
liquid|solid|liquid (L|S|L) systems can eliminate diffusion-
limited catalysis if the substrates can be sourced at high
concentration in green solvents or in pure form (e.g., abundant
waste or byproduct streams)'® and the photocatalytic system
becomes dominated by the catalytic turnover rather than mass
transport.

Photocatalysis on floatable matrices has so far only taken
advantage of one-step redox reactions to demonstrate the
benefits from catalyst as well as substrate and product separa-
tion in different phases. At the liquid-gas interface, H, escapes
as a gas and CO, utilization benefits from the direct interface
with the reactive gas in the headspace, whereas the products
from the oxidation of organic electron donors remain in
solution.>® We have recently demonstrated the application of
a floatable photocatalyst at the liquid-liquid interface for the
synthesis of hydrophobic biomass-derived organic oxidation
products and hydrophilic hydrogen peroxide from the oxygen
reduction reaction (ORR) accumulating in the organic phase
and water, respectively.® This phase-segregated L|S|L reactor
supported the spontaneous chemical separation of products,
but also displayed limitations in performance compared to fully
homogeneous counterparts.'® >

a)
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Beyond the compartmentalized supply of substrates and
accumulation of products, floatable photocatalysis in liquid |li-
quid mixtures can in principle provide a unique platform for
domino catalysis, leveraging on the interfacial utilization of
in situ generated intermediates. In this scenario, a chemical
intermediate generated in a first step at the liquid-liquid
interphase can then be immediately used in a second inter-
facial reaction, benefiting from a high local concentration and
thus preventing their dilution into the bulk of a liquid phase.
Domino reactions also call for the synergistic activity of multi-
ple catalysts to accelerate each individual chemical step,
encouraging the search for catalytic abiotic and biotic materials
floatable on water that could work in tandem.

Here, we introduce a photochemo-enzymatic domino valor-
ization reaction through L|S|L photocatalysis enabled by float-
ing (bio)catalysts at the interface of a liquid-liquid biphasic
mixture. First, a water-floatable photocatalyst composite fabri-
cated from inexpensive protonated polymeric carbon nitride
(H-CN,) and polypropylene (PP) promotes the photo-oxidative
valorization of glycerol in water coupled to the reduction of O,
to aqueous H,0,. This in situ generated H,0, is then used as an
intermediate for a perhydrolysis reaction catalyzed by commer-
cially available Candida antarctica lipase B immobilized on a
water-floatable acrylic resin (iCALB).>>>* The enzymatic perhy-
drolysis transfers one oxygen atom from aqueous H,O, to
unsaturated fatty acids in ethyl acetate, which are in turn
converted into peroxy acids. Peroxy acids then generate epox-
ides through a conventional Prilezhaev reaction. The glycerol
oxidation products glyceraldehyde and dihydroxyacetone are
relevant to carbohydrate synthesis and the cosmetics
industry,?*® whereas epoxidized fatty acids have emerged as
a new class of monomers for the synthesis of biodegradable
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(a) lllustration and (b) reaction scheme of vegetable oil fractionation and the L|S|L system for the simultaneous synthesis of added-value aqueous

glyceraldehyde and dihydroxyacetone and organic epoxidized unsaturated fatty acids addressing the full valorization of fatty waste. (c) Side-view (top)
and top-view (bottom) pictures of the custom top-down photoreactor, with close-ups of the L|S|L system (top) and the floatable catalysts (bottom).
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plasticizers, polyols and polyurethanes.””*® Unsaturated fatty
acids are also available in large quantities from tall oil, a
byproduct of the Kraft pulp industry.?® To demonstrate the full
valorization of waste vegetable oils in an applied scenario
(Fig. 1), we source fatty acids and glycerol as byproducts from
biodiesel synthesis®® and operate biodiesel synthesis and the
fractionation of products with 1 kg vegetable oil as substrate,
and byproduct valorization on a 100 mL scale. Photocatalysis
succeeded under both simulated AM1.5G and natural sunlight
using a custom flow photoreactor to allow independent trans-
port and collection of both liquid phases. Finally, we present a
life cycle assessment and simplified technoeconomic analysis
to probe the industrial potential of L|S|L photocatalysis for
centralized biodiesel synthesis, fatty acids and glycerol upcy-
cling compared to existing protocols.

Results and discussion
Design and synthesis of floatable photocatalyst

The floatable photocatalysts were fabricated following a
solvent-free protocol as previously reported.® Briefly, polymeric
carbon nitride (CN,) was prepared by thermal polymerization of
melamine and post-functionalization with potassium thiocya-
nate. CN, powder and finely ground amorphous polypropylene
were mixed under cryogenic cooling (77 K) in 6:4 (w/w) ratio.
The solid blend was stirred at 120 °C for ~15 min to partially
melt the plastic and yield the photocatalyst/plastic composite
(CN,/PP). The fraction floating on water was then recovered in a
separatory funnel, yielding floatable composites with a typical
density of 0.9 mg mL".%

CN, was chosen as a metal-free, inexpensive, non-toxic, and
visible light-absorbing photocatalyst. CN,-based materials
also stand out for their high activity and selectivity in light-
driven O,-to-H,0, reduction, outperforming alternatives mostly
based on metal-organic frameworks (MOFs) and covalent
organic frameworks (COFs).*"*?> CN, photocatalysts with
benchmark H,0, production rate were initially screened in
dispersion in the presence of alcohols as electron donors,
including unmodified polymeric carbon nitride and
poly(heptazine imides) synthesized by ionothermal synthesis
or post-functionalization (Fig. $1).'7>"*%3* In standard experi-
mental conditions, the dispersed photocatalysts (5.0 mg in
2 mL 50 wt% aqueous glycerol) were irradiated with a blue
LED (1 = 450 nm, 40 + 4 mW ¢m™?) in O,-saturated atmosphere
in a sealed vessel at 25 °C in a 11.5 mL glass vial (& = 2 cm,
total volume: 11.5 mL). H,O, was quantified colorimetrically
using the titanium(iv) oxide oxalate method.*®

Among all photocatalysts studied, CN, obtained by post-
functionalization of unmodified polymeric carbon nitride with
potassium thiocyanate and protonated by the addition of
aqueous 37 wt% hydrochloric acid (1 mL per 100 mg of
material) (H-CN,) achieved the highest photocatalytic H,0,
evolution rate (10.8 + 0.6 mmol L' h™') and a seven-fold
improvement compared to the unprotonated counterpart
(K-CN,) (1.5 £ 0.2 mmol L™" h™"). An increased activity in

This journal is © The Royal Society of Chemistry 2026
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photocatalytic ORR with protonated poly(heptazine imides) was
previously reported, although not fully rationalized.** Spectro-
scopic characterization and catalytic control studies suggest
that the promoting activity of H-CN, is merely a result of in situ
acidification, lowering the pH of the aqueous medium to 4-5,
and thereby suppressing H,O, decomposition in neutral and
alkaline solutions.>*®* A more detailed investigation is dis-
cussed in Supplementary Note 1 (Fig. S2-S5 and Tables S1-54).

The floatable enzymatic catalyst is a formulation commer-
cially known as “Novozym 435”, consisting of Candida antarc-
tica lipase B expressed in Aspergillus niger, and immobilized on
an acrylic resin support, with a reported activity of 5000 propyl
laurate units (PLU) g~ (see Supplementary Methods for
detailed definition).

Photocatalytic H,0, generation with glycerol valorization

The photochemo-enzymatic domino epoxidation was first stu-
died by optimizing the individual reactions, namely (1) the
photocatalytic ORR coupled with glycerol oxidation reaction
(GOR), and (2) the iCALB-catalyzed perhydrolysis for the oxida-
tion of unsaturated fatty acids to peroxy acids, followed by the
chemical Prilezhaev epoxidation of the alkene (Fig. 1b). Highly
concentrated aqueous glycerol (5-50 wt%) was used to prevent
mass transfer limitations arising from electron donor diffusion
to the floating photocatalyst. Samples with such a high glycerol
concentration can be sourced from the biodiesel synthesis of
waste cooking oil (116 g of glycerol from 1 kg of oil, Table 1).
We first assessed the lowest aqueous glycerol concentration
needed to achieve the maximum photocatalytic H,O, produc-
tion rate in the presence of H-CN, under the standard experi-
mental conditions as above. A plateau in H,0, evolution was
reached with glycerol content of 30 wt%, giving a maximum
rate of 12.8 &+ 0.3 mmol L™" h™' (Fig. 2a). H,0, and glycer-
aldehyde were also produced in comparable molar amounts
within 1 h irradiation (26.0 + 10.8 and 29.5 + 4.6 mmol L™ ",
respectively), confirming a stoichiometric 2H-2e™ redox pro-
cess for both reactions (Table S5). Dihydroxyacetone was

Table 1 Recovered glycerol, fatty acids, and biodiesel fractions from
vegetable oils?

Recovered fraction (wt%)

Starting Methanol

Vegetable oil mass (g) mass (g) Glycerol Fatty acids Biodiesel

Rapeseed 92.6 25.2 6.4 9.6 55.5
Sunflower 35.5 7.5 7.4 3.6 14.2
Olive 36.6 7.5 5.5 2.5 28.1
Soybean 37.1 7.5 9.9 10.4 27.7
Palm 40.0 7.5 2.7 2.6 24.6
Used vegetable oil 1000 230 11.6 9.0 55.0

“ Biodiesel was first synthesized by stirring the mixture of vegetable oil
and methanol with 0.9 wt% NaOH under reflux for 1 h. The biodiesel
fraction was separated, and the glycerol phase was washed with ethyl
acetate (3 x 10 mL). The collected glycerol phase was then acidified
with H;PO, (85 wt%) until pH ~2. The unreacted fatty acids fraction
partitioning at the top was then separated and the glycerol phase was
washed with ethyl acetate (3 x 10 mL). The glycerol phase was thus
collected. Volatiles in the unreacted fatty acids fraction were removed
under reduced pressure.
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Fig. 2 Optimization of (a) glycerol concentration for photocatalytic H,O, production, (b) temperature for enzymatic oleic acid epoxidation, (c) organic
solvent for enzymatic oleic acid epoxidation. (d) Recyclability of the whole photochemo-enzymatic system for domino oleic acid epoxidation. Reaction
conditions: a) aqueous glycerol (2 mL), H-CN, (5 mg), O (1 atm), 450 nm (40 & 4 mW cm™2), 25 °C. (b) Aqueous H,O, (40 mM, 2 mL), iCALB (10 mg), oleic
acid in ethyl acetate (40 wt%, 2 mL), 16 h. (c) Aqueous H,O, (40 mM, 2 mL), iCALB (40 mg), oleic acid in organic solvent (40 wt%, 2 mL), 25 °C, 16 h. (d)
Aqueous glycerol (30 wt%, 2 mL), oleic acid in ethyl acetate (40 wt%, 2 mL), H-CN,/PP (20 mg), iCALB (40 mg), O, (1 atm), 450 nm (40 mW cm™2), 25 °C,
2 h per run. Both liquid phases were removed and replaced after every run with needles, whereas the solid catalysts were reused. Numbers above the
plots indicate the individual light-driven (1) and enzymatic (2) steps of the reaction, and the integrated domino (1 + 2), as illustrated in Fig. 1b. (e) Scheme
of the photochemo-enzymatic domino epoxidation of oleic acid, showing O insertion from gaseous O, to the epoxide ring of 8,9-epoxystearic acid. (f)
Accurate mass spectra of LC-MS analysis of 8,9-epoxystearic acid generated by photochemo-enzymatic domino reaction in the presence of *°0, (top)

and 80, (bottom). The data are presented as mean values =+ standard deviation (error bars) for reactions performed in triplicate (n = 3).

produced in lower amounts and only observed at prolonged
reaction times, as discussed below. Furthermore, O, availability
was found to be an important parameter for prolonged ORR,
with H,O, generation increasing by a factor of 1.5 with multiple
compared to single O, purging, indicating the depletion of the
gas during the reaction (Fig. S6).

Enzymatic iCALB-catalyzed epoxidation with H,0,

Following the optimization of photocatalytic H,O, production,
we assessed first the possibility to target high alkene conver-
sions in the organic phase in the presence of iCALB
and aqueous H,0, solutions in the dark. iCALB-catalyzed
epoxidation of alkenes with H,0, has been reported in
several scenarios, targeting unsaturated fatty acids as organic
substrates.>*?*37%> The mechanism of the epoxidation of oleic
acid is generally acknowledged to proceed via the formation of
the intermediate epoxidizing agent peroxyoleic acid via perhy-
drolysis (O atom transfer from H,O, to the acid) catalyzed by
the immobilized lipase. Peroxyoleic acid is then expected to
transfer an oxygen atom to the unsaturation of the fatty acid,
generating the epoxide.*

Preliminary tests were performed using cis-cyclooctene as a
model alkene. Under these conditions, ethyl acetate itself can
participate as a substrate for enzymatic hydrolysis into acetic
acid and ethanol, generating peracetic acid as the final

Energy Environ. Sci.

epoxidizing agent.*® The active role of ethyl acetate in the
domino reaction is discussed in more detail in Supplementary
Note 2. The reaction was run at a scale of 0.2 mmol (22 mg)
of cis-cyclooctene. With 40 mg iCALB in a 2 mL|2 mL
ethyl acetate|water mixture at 40 °C, at least 10 equiv. of H,O,
(1000 mM) were needed to achieve >90% conversion of the
alkene to the epoxide in 16 h (Fig. S7a). Decreasing the volumes
of both the organic and aqueous solvents to increase the surface/
volume ratio and enhance mass transfer between the two phases
did not significantly improve the conversion (Fig. S7b). Vigorous
shaking did also not improve yields significantly (Fig. S7b). While
reaching such a high concentration of H,0, is unrealistic for
photocatalytic in situ production in the bulk, we hypothesize that
it could be approached as a local concentration in proximity of the
floating photocatalyst (see below).

We decided to use an excess of substrate in the organic
phase to achieve high epoxidation rates rather than high yields.
As for glycerol utilization in the aqueous phase, this choice is
justified by the high amount of unsaturated fatty acids that can
be obtained from waste vegetable oils and tall oils. The sub-
strate concentration in the organic phase was also screened. As
expected, higher volume fractions of the substrate in ethyl
acetate resulted in higher epoxide production, and the organic
substrate concentration did not affect glyceraldehyde and dihy-
droxyacetone distribution from GOR in the aqueous phase, as

This journal is © The Royal Society of Chemistry 2026
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determined by
(HPLC).

We then optimized the enzymatic step of the domino reac-
tion using oleic acid as one of the most common unsaturated
fatty acids found in vegetable oils. Epoxidized oleic acid (cis-8,9-
epoxystearic acid) was monitored and quantified by nuclear
magnetic resonance spectroscopy (quantitative "H-NMR,
CDCl;) by following the characteristic multiplet signal at 2.9
ppm belonging to the aliphatic protons of the epoxide ring (Fig.
$8).2*2* For clarity, epoxide yields are henceforth reported as
variations (AProduct) from the background amount of epoxide
naturally present in oleic acid (<0.5 mmol L™"). Based on the
screening of cis-cyclooctene optimized for epoxidation yields
and substrate utilization (Fig. S6¢), we selected a concentration
of 40 wt% of oleic acid in ethyl acetate. Standard conditions for
enzymatic epoxidation included aqueous H,0, (40 mM, 2 mL),
iCALB (40 mg), and oleic acid (40 wt% in 2 mL ethyl acetate) at
40 °C for a 16 h reaction. Temperature-dependent screening
resulted in an optimal epoxidation yield (average: 7.8 =+
1.7 pmol cm 2, normalized by the liquid-liquid interfacial
area, or 12.2 + 2.7 mmol L™, normalized by the volume of
the bulk liquid phase) and H,O, utilization (average: 14.2 +
1.9 pmol cm ™2, 22.2 4 3.0 mmol L™ ") between 37 °C and 50 °C
(Fig. 2b), which is consistent with 40 °C being reported as the
optimal temperature for iCALB activation."® This moderate
temperature is also easily accessible by solar heating, thus
enabling UV-vis light utilization for the photocatalytic reaction
and infrared heating for the iCALB-catalyzed epoxidation.*’

We subsequently screened various organic solvents to assess
their role in the reaction. iCALB displays high stability in a
range of water-immiscible organic solvents with density lower
than water (1 ¢ mL™"), including ethyl acetate, toluene, diethyl
ether (Et,0), and hexane.?**° Screening runs under the stan-
dard conditions for enzymatic epoxidation and at room tem-
perature (25 °C) resulted in ethyl acetate yielding the highest
epoxidation yield of 7.6 + 2.2 umol ecm 2 (11.9 #+ 3.4 mmol L™ 1),
with a corresponding H,0, consumption of 10.9 + 0.9 umol
em™> (17.1 + 1.4 mmol L™") (Fig. 2¢). For all solvents, a
correlation between epoxide production and H,0O, consump-
tion was found, confirming the utilization of hydrogen peroxide
as a stoichiometric reactant for the enzyme-catalyzed alkene
epoxidation. The superior performance of ethyl acetate over
other organic solvents for iCALB-catalyzed epoxidation has
previously been reported (see Supplementary Note 2 for further
discussion, Fig. S9 and $10).*° The loading of iCALB was also
optimized, with the epoxidation yield saturating at a mass of
9.6 mg cm > of the immobilized enzyme (522 4+ 117 pumolepoxide
em ? g Yicacs) (Fig. S11).

high-performance liquid chromatography

Exclusion control experiments

Exclusion control experiments without photocatalyst, irradia-
tion, enzyme or glycerol confirmed the essential role of the
individual components for the photochemo-enzymatic domino
reaction (Tables S6 and S7). Notably, using either non-
immobilized (soluble) lipase or dispersed H-CN, led to a
decrease of epoxide production (8.9-fold and 1.5-fold,

This journal is © The Royal Society of Chemistry 2026
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respectively), indicating the fundamental role of catalyst con-
finement at the interface (Table S6). Indeed, existing immobi-
lization strategies including packed bed flow reactors,*®
photosheets or panels,””*® or coated reaction walls*® would
leave most of the catalyst far from the reactive region at the
liquid-liquid boundary, and thus inactive.

Integrated L|S|L domino valorization

After establishing the optimized conditions for both parts of
the photochemo-enzymatic domino reaction, we studied the
activity of the fully integrated system over multiple recyclability
cycles. Reactions were executed in a mixture of 30 wt% glycerol
in 2 mL of water, 40 wt% oleic acid in 2 mL ethyl acetate, 20 mg
of floatable H-CN,/PP and 40 mg of iCALB, in O,-saturated
atmosphere in a sealed vessel under blue LED irradiation (1 =
450 nm, 40 & 4 mW cm ™ %). After each two-hour run, both liquid
phases were removed with a needle, whereas the solid catalysts
remained, and fresh solutions were added to the reaction
flask. The whole system exhibited excellent recyclability, with
an average glyceraldehyde and dihydroxyacetone production
of 4.6 + 0.3 pymol ecm™? (7.2 + 0.5 mmol L") and 0.7 +
0.2 pmol cm™? (1.1 + 0.4 mmol L") in the aqueous phase,
and 0.62 + 0.12 umol em > (0.97 + 0.20 mmol L") epoxide in
the organic phase (Fig. 2d).

The same robustness was observed in a test under contin-
uous operation over 6 days (Table S8). Here, the liquid phases
were removed after 3 days, 40 mg additional iCALB were
transferred to the vial to compensate for partial enzyme deac-
tivation, whereas no fresh H-CN,/PP was added. Again, no loss
in performance was observed. Instead, the epoxide produced in
the second 3-day run (62.7 + 4.7 mmol L") was ~1.6 times
higher than in the first 3-day run (38.7 £+ 5.0 mmol L %),
indicating that the integration of more lipase after the first
run was likely unnecessary.

Epoxides were produced with an external quantum effi-
ciency (EQE) of 0.40 £+ 0.31% under 420 nm irradiation. The
L|S|L system preserved good macroscopic phase segregation
even after 10 catalytic cycles (Fig. S12). Finally, we observed that
fine grinding of the floatable CN,/PP composite was crucial to
achieve improved performance, since the activity of the H-CN,/
PP composite is determined by the amount of photocatalyst
exposed on the surface. Particles were reduced to 0.1-0.5 cm in
size by cryogenic cooling under liquid N, followed by mechan-
ical grinding (Fig. S13). The same mass of H-CN, resulted in a
3.8-fold increase in epoxide yield when used as fine particles as
opposed to as-fabricated coarse flakes (1.49 + 0.15 mmol L™*
and 0.39 + 0.06 mmol L' over 2 h operation, respectively,
Table S9). The observation underscores that accurate grinding
is recommended for future applications of our proposed floa-
table composite.

The domino reaction starting from gaseous O, to oxygen
insertion into an epoxide ring (Fig. 2e) has only been shown
with anthraquinone as stoichiometric reductant for the Pd-
catalyzed O,-to-H,0, reduction,®® mimicking the conditions of
industrial H,0, synthesis,”" followed by iCALB-catalyzed epox-
idation. Nevertheless, the proposed oxygen atom insertion from
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gaseous O, into the epoxide has not been experimentally
validated. To track the fate of the oxygen atom from gas phase
0, to the epoxide ring of cis-8,9-epoxystearic acid, we performed
isotopic labelling tests using *®0,. The photochemo-enzymatic
reaction was run under the usual conditions feeding the head-
space of the reaction vial either with O, of natural abundance or
"0, (97 atom%). The organic phase was analyzed by liquid
chromatography-mass spectrometry (LC-MS) for accurate mole-
cular mass determination, targeting epoxidized oleic acid.
Isotopically labelled cis-8,9-epoxystearic acid (molecular mass:
299.24750 Da) was successfully detected only in the presence of
180,, with a m/z shift of 2.00417 Da from the same molecule
detected with '°0, of natural abundance (297.24333 Da) (Fig. 2f
and Table S10).

LC-MS measurements were also performed to detect the
putative intermediate peroxyoleic acid, which was tentatively
identified by tandem MS-MS spectrometry to distinguish it
from its isomer 8,9-epoxystearic acid (Fig. S14). Fragmentation
patterns suggested the presence of both the epoxide and the
peracid in the organic mixture recovered after the photochemo-
enzymatic reaction. Although the evidence is not conclusive to
confirm the generation of the peracid, we believe that our
findings present the first attempt to shed light on the mecha-
nism of CALB-catalyzed epoxidation.***?

Solar-driven domino valorization using L|S|L platform

To transfer the photochemo-enzymatic system to an outdoor
application scenario, we also performed photocatalytic tests
with simulated solar light irradiation under the same condi-
tions as for the studies above using monochromatic light. The
studies were performed in a custom glass reactor (¢ = 3 cm,
total volume: 50 mL) designed for top-down irradiation (Fig. 1c)
with AM1.5G irradiation (100 mW cm >, 1 sun). A 400 nm
cutoff filter was placed on the top of the reactor to prevent H,0,
decompositon. Due to the limited utilization of the solar
spectrum given by the H-CN, bandgap cutoff at ~430 nm
(Fig. S2e), solar-driven H,O, generation proceeded at a
initial rate than wunder monochromatic light
(~1.0 mmol L™" h™") and the H,0, concentration plateaued
at 7.8 = 1.4 mmol L™ (3.3 £ 0.6 pmol ecm ?) after 10 h
(Fig. S15a), reaching a steady state concentration as a result
of the trade-off between photocatalytic ORR and H,0,
decomposition.® Using smaller volumes of solvents to increase
the volume/interfacial surface area only had a marginal
improvement in H,0, concentration (Fig. S15b). Interestingly,
using solar light concentrated with a magnifying Fresnel lens to
increase the intensity up to 7 sun (~700 mW cm ?) did not
result in a significant enhancement of H,0, from ORR or
glyceraldehyde from GOR (Fig. S15c).

The low steady-state concentration of H,0, achievable under
the given conditions provides an additional benefit for the
optimal activity of the enzyme iCALB. The lipase is known to
suffer from deactivation at super-stoichiometric H,0, concen-
trations (>30 wt%) typically adopted to achieve high substrate
conversion. For that reason, previous reports worked around
this drawback by slow, controlled addition of H,O, to the
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reaction flask.***! To assess the effect of H,0O, concentration
on lipase deactivation, we compared the specific catalytic
activity of iCALB in the esterification of propyl laurate
(expressed as Propyl Laurate Units, or pmolpropyi laurate min™*
2 'icaLs, See Supplementary Methods for the details) recovered
after 24 h incubation at 37 °C in aqueous H,0, at different
concentrations. The activity of the enzyme recovered from a
mixture of 10 mM H,0, and 100 mM H,O, was 6.3 + 1.9 PLU to
1.5 & 0.3 PLU, respectively (Fig. S16), illustrating the advantage
of in situ H,0, production to naturally maintain low local H,O,
concentrations to prevent enzymatic damage.

Nevertheless, the concentration of H,0, produced under
AM1.5G irradiation (7.8 + 1.4 mmol L' in the bulk) was
sufficient to initiate the domino catalysis. We therefore
assessed the rise in epoxide content in the organic phase and
the residual H,0, in the aqueous phase generated within 4 h.
Tests were run with 3 mL of 30 wt% aqueous glycerol, 50 mg of
floatable H-CN,/PP, 40 mg iCALB, 3 mL of 40 wt% oleic acid
with saturated O, (1 atm) under mild orbital shaking (100 rpm)
and room temperature. Due to natural aerobic oxidation,
untreated oleic acid contained a small amount of epoxide
(1.0 £ 0.1 umol cm™?, 2.4 4+ 0.3 mmol L™"). Nevertheless, the
epoxide content more than doubled (2.5 + 0.1 pmol cm 2
5.8 + 0.2 mmol L") within 4 h irradiation (Fig. 3a). Residual
H,0, reached a high of 0.8 + 0.2 pmol cm > (2.0 + 0.6 mmol L),
which was lower than the amount detected in the absence
of organic substrate within the same reaction time (2.8 +
0.4 pmol cm™>, 6.5 + 0.9 mmol L', Fig. S15a) indicating the
participation of in situ generated H,O, to the enzymatic epoxida-
tion catalysis.

Fractionation of vegetable oils for byproducts valorization

The greatest benefit of the multiphasic domino photocatalytic
strategy proposed in this work is the possibility to use waste or
byproduct streams as a single source for the biphasic liquid
components of the system. Unsaturated fatty acids and glycerol
can be both obtained from the biodiesel synthesis from vege-
table oils through a transesterification reaction of unsaturated
triglycerides with methanol followed by fractionation. We uti-
lize both glycerol and the unreacted fatty acids that inevitably
remain in the glycerol phase from their incomplete conversion
into fatty acid methyl esters. To demonstrate the real-world
applicability of this strategy, samples of vegetable oils were
collected from local markets and kitchens, and samples of tall
oils as an additional byproduct source for fatty acids valoriza-
tion were received from a kraft pulp processing industrial
facility (Fig. S17).

Following a typical protocol for biodiesel synthesis,*® vege-
table oils including rapeseed, sunflower, olive, soybean, and
palm (~40 mL) were first reacted with methanol (9.8 mL,
242 mmol) and NaOH (410 mg, 10.3 mmol) under reflux for
1 h. After cooling to room temperature and allowing for
spontaneous phase separation (Fig. 1a), the upper biodiesel
fraction was collected and analyzed by gas chromatography-
mass spectrometry (GC-MS) (Table S11). The glycerol phase was
collected and acidified to pH~2 with 85 wt% aqueous

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Kinetics of production of epoxidized fatty acids (organic phase) and residual H,O, (aqueous phase) under simulated solar light with (a)
commercial pure glycerol and oleic acid and (b) glycerol and fatty acids extracted from vegetable or tall oils. Reaction conditions: aqueous glycerol
(30 wt%, 3 mL), fatty waste diluted in ethyl acetate (3 mL), H-CN,/PP (50 mg), iCALB (40 mg), AM1.5G (100 mW cm™2, 1 sun), O, (1 atm), rt. Glycerol
extracted from the respective fatty acid source was used for tests with fatty waste. Glycerol from used vegetable oil was used for tests with tall oil. Fatty
waste was diluted in ethyl acetate to achieve a final concentration of total unsaturated fatty acids of ~40 wt%. The data are presented as mean values +
standard deviation (shadowed areas) for reactions performed in triplicate (n = 3).

phosphoric acid. Protonation of the unreacted fatty acids
resulted in spontaneous partition from glycerol in a liquid
phase of lower density (Fig. 1a). The upper phase was collected
and washed with deionized water. The residual glycerol phase
was washed with ethyl acetate, collected, and water was
removed under reduced pressure. A scaled-up biodiesel synth-
esis and fractionation was performed using waste cooking oil
(1 kg) from a local kitchen (Fig. S18). Fractions recovered from
each oil (Fig. S19-S21) are summarized in Table 1. Glycerol,
fatty acids and biodiesel were obtained with a yield of
5-12 wt%, 3-10 wt%, and 14-55 wt%, respectively. Residual
soap, accounting for the rest of the mass balance, was dis-
carded (Table S12).

Full valorization of fatty waste

Tests under AM1.5G irradiation were replicated with unsatu-
rated fatty acids and glycerol extracted from vegetable oils. To
demonstrate the concept of full valorization of fatty waste from
a single source, in each experiment the glycerol and the fatty
acids fraction from the same real-world sample were utilized.
Phosphoric acid in the glycerol fraction was first neutralized
with NaOH, buffering the pH around 7. Thus, the solution was

diluted with water to a final glycerol content of approximately
30 wt%. The fatty acid fraction was diluted to an approximate
concentration of 40 wt% of total unsaturated fatty acids (oleic +
linoleic) based on the composition found in Table 2. Epoxide
functionalities in the organic phase were detected and quanti-
fied by 'H-NMR analysis for all vegetable oils and tall oils
samples (Fig. S21). The epoxide concentration increased with
irradiation to more than double the initial amount for all
vegetable oils examined, with a Aepoxide from a low of
0.58 + 0.15 pmol em > (1